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EXECUTIVE SUMMARY 

The National Aeronautics and Space Administration is in the process 
of initiating an operational Space Station during the 1990s. The Space 
Station is the focal point for the commercial development of space. 
The long term routine operation of the Space Station and the conduct 
of future commercial activities suggests the need for in-space 
metrology capabilities analogous when possible to those on-earth. 
The ability to perform periodic calibrations and measurements with 
proper traceability is imperative for the routine operation of the 
Space Station. An initial review, however, indicated a paucity of data 
related to metrology and calibration requirements for in-space 
operations. This condition probably exists because of the highly 
developmental aspect of space activities to-date, their short duration, 
and nonroutine nature. 

The primary objective of this study was to understand and assess the 
on-orbit metrology and calibration needs of the Space Station. In 
order to achieve this goal, the following specific tasks were 
performed. 

Task 1, Performance of Up-To-Date Literature Review; 
Task 2, Identification of On-Orbit Calibration Techniques; 
Task 3, Identification of Sensor Calibration Requirements; 
Task 4, Identification of Calibration Equipment Requirements; 
Task 5 ,  Definition of Traceability Requirements; 
Task 6, Preparation of Technology Development Plans; and 
Task 7, Preparation of Final Report. 

In the following paragraphs of this section, significant information 
and major highlights pertaining to each of the tasks is separately 
presented. In addition, some general (generic) conclusions/ 
observations and recommendations that are pertinent to the overall 
in-space metrology and calibration activities are presented in the 
final paragraphs of this section. 
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Task 1, Literature Review 

A large number of documents were reviewed as a part of this task. A 
majority of these documents included various NASA publications, 
Space Station RFP work packages, technical papers and publications 
available in the open literature (public domain), and equipment 
manufacturers' data books. Based on this literature review and 
discussions with Space Station prime contractors, generic 
measurement and calibration requirements were identified for the 
purpose of this study. These requirements could change as more 
details of the Space Station design are developed and become 
available. 

Primary c onc lu  si on s : 
ECLSS, EVA, and EPS are examples of the systems where major 
calibration activities will be required. 
Certain similar calibrations (for example, voltage) are 
required in several of the systems/subsystems. 
Review of Soviet work (available in the open literature) 
provided very limited definitive data. 

Primary rec o mmen da t i on s : 
Complete definitive identification of specific measurement 

Develop integrated (common) measurement requirements 

Prepare an on-orbit metrology design guide. 

requirements as detailed designs become available. 

that incorporate all work packages. 

Task 2, On-Orbit Calibration Techniques 

From the generic measurement requirements identified in Task 1, 
specific measurement parameters (potential range and accuracy) for 
each category were derived from pertinent, available NASA 
documents. In cases where this information was not available, other 
related publications tvere utilized. Based on this information, 
identification of measurement/calibration techniques and an 
assessment of their on-orbit applicability were performed. State-of- 
the-art as well as some emerging techniques were included in this 
evaluation . 
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Primary conclusions: 
Calibration techniques for several measurement categories are 
currently available, though not in a completely optimized 
condition. 
Calibration techniques for some measurement categories (for 
example, mass, micro-g) are either not currently suitable or 
need to be developed 

Primary re com men da ti on s : 
Conduct detailed evaluation of current calibration techniques. 
Improve accuracy and extend calibration life through enhanced 
techniques. 

Task 3, Sensor Calibration Requirements 

An assessment of sensors that could potentially be used for various 
on-orbit measurements is a primary output of this task. Data on 
specific sensors (for example, platinum resistance thermometer, 
quartz thermometer) were included for each measurement category 
(for example, temperature). Comments on advantages and limitations 
for each sensor were given, which could assist in evaluating potential 
sensors for specific applications. Inputs for this task were derived 
from results of Task 2, manufacturers' data books, and related 
metrology documents. 

Primary conclusions: 
Several hundred sensors could be used aboard the Space 
Station; pressure, flow, and temperature sensors could be the 
most abundant. 
Accuracy of sensor measurements are affected by various 
extraneous conditions (for example, electromagnetic 
interference). 
Effects of on-orbit natural environment on sensor 
measurement accuracy are not completely understood. 
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Primary recommendations: 
Calibration techniques should include verification of sensors' 
primary function (for example, pressure to voltage conversion). 
Sensor applications must provide for calibration access and 
interfaces. 

Task 4, Calibration Equipment Requirements 

An assessment of available calibration equipment was conducted. 
Results of Tasks 1, 2 and 3 provided the inputs for this task. In 
addition, information obtained from equipment manufacturers' data 
books, metrology documents, and discussions with equipment 
manufacturers was utilized in this assessment. Results included the 
identification of calibration equipment needed for each type of 
measurement and their description, and an evaluation of equipment 
compatibility for on-orbit application. 

Primary conclusions: 
Vast majority of available calibration equipment will need at 
least some redesigning and repackaging to reduce weight or 
size. 
Additional design modifications may be required to minimize 
redundancies (for example, separate power supplies for each 
equipment). 
Deficiencies that are equipment-specific need to be addressed 
in design activities (for example, gravity dependence, 
sensitivity to natural environment). 

Primary recommendations: 
Identify in detail the calibration equipment required for 
sustained operation. 
Develop an equipment commonality list to aid in the 
integration process. 

Task 5,  Traceabi l i ty  Requiremepts  

Evaluation of traceability requirements was conducted based on the 
information developed in Tasks 1, 2, 3 and 4. In addition, 
information obtained from metrology literature as well as discussions 
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with metrologists in industry and government was included in this 
evaluation. Both the near term and the long term scenarios for 
traceability were developed. 

Primary conclusions : 
Traceability for initial operation will be provided by the use of 
on-ground precalibrated instrumentation. 
Near term traceability can be provided by secondary standards 
transported between the station and the earth. 
Long term traceability will require the development of on-orbit 
primary standards to reduce the cost of repeated 
transportation of secondary standards. 

Primary recommendations : 
Develop detailed traceability approaches for near term 

Develop techniques for providing resident (on-board) primary 

Investigate methods for better utilizing the in-space natural 

operation. 

reference standards. 

environment as primary reference standards. 

Task 6, Technology Development Plans 

The performance of Tasks 2, 3, 4 and 5 identified on-orbit 
deficiencies in calibration technology that cannot be satisfied using 
ground-based methods. The deficiencies represent technology 
development needs for in-space operations. Technology Development 
Plans were prepared for major categories. Information presented 
here is intended for enhancements and long term reliability of on- 
orbit measurements. It appears that for most part the initial safe 
operation can be accomplished through the use of existing 
technologies. 

Primary conclusions: 
Major technology gap exists in gravity dependent measurement 
techniques (for example, mass). 
Additionally, technology gap exists in those techniques that are 
sensitive to in-space natural environment (micro-g 
measurements in micro-g background). 
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Primary recommendations: 
Develop gravity independent techniques. 
Develop more complete understanding of the effects of in-space 
natural environment on measurement techniques. 
Consider immediate initiation of crucial R&D efforts. 

The general conclusions/observations of this study are: 

Only limited awareness currently exists for on-orbit metrology 
requirements. 
Involvement of metrologists in the design process is essential; 
To-date, it appears to be minimal. 
Innovativeness and inventiveness, needed in solving some 
of the fundamental problems associated with in-space 
conditions, will require an interdisciplinary approach; 
metrologists alone cannot solve all of the problems. 
Minimal attention appears to have been paid to-date in 
selecting specific measurement and calibration equipment. 

The general recommendations (near term and long term) are: 

Near Term 
Recommend that metrology and calibration personnel get 
involved in the design process at the earliest of stages; this 
could provide significant cost avoidance. 
Prepare an On-Orbit Metrology Design Guide to aid in 
the selection/assessment of instrumentation for on-orbit 
use. This would be a valuable tool in preparing preliminary 
design requirements for the Preliminary Design Review 
(PDR). 

appropriate personnel (U. S. government and industry, 
international partners) to heighten the understanding, 
awareness and need for incorporating on-orbit metrology 
requirements. This would provide an international check 
and also challenge for future contributions to the Space 
Station operation. 

Conduct an On-Orbit Metrology Workshop for 
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Generate and implement detailed Technology 
Development Plans to facilitate early identification of 
solutions for bridging the technology gaps. Then the 
candidate solutions can be evaluated and appropriate 
methods developed. 

Long Term 
Conduct preliminary design study for an on-orbit 
metrology system. Study results should yield an 
integrated system design and methods of operation. 
Develop final design and fabricate the on-orbit metrology 
system. The effort shall include test and checkout of the 
system. 

This report has attempted to emphasize the vital role played by on- 
orbit metrology in assuring reliable, long term, and routine operation 
of the Space Station. Satisfying on-orbit metrology needs, poses many 
unique and difficult challenges. However, these can be overcome 
with a systematic, cooperative and interdisciplinary effort. A detailed 
review of this report should provide at least some of the essential 
data needed towards implementing on-orbit metrology and 
calibration requirements. 
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1. INTRODUCTION 

The commercial development of space is a national commitment that 
is being actively pursued by the National Aeronautics and Space 
Administration (NASA). The focal point for these activities is the 
development of a manned Space Station (SS) which will ultimately 
provide the basis for potential space related commercial enterprises. 
A forerunner of these commercial activities involves research and 
development (R&D) in a number of disciplines, such as: 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

Space power; 
Space propulsion; 
Fluid behavior and management; 
Glass and ceramics; 
Automation and robotics; 
Earth and ocean observation; 
Communication and data systems; 
Life sciences and human factors; 
Space materials and structures; and 
Controls and guidance. 

The installation, operation and maintenance of the SS for these 
activities requires calibration traceable to universal standards to 
assure accurate measurements. Moreover, calibration requirements 
must satisfy in-space functional objectives in a cost effective manner. 
The successful operation and maintenance of experimental payloads, 
orbiting platforms and satellites will depend on the adequacy of on- 
orbit metrology capabilities. 

The daily operation of the SS presents some unique challenges in 
adapting current Earth-based metrology to the in-space 
environment. Lack of gravity, elevated radiation levels, broad 
temperature ranges, a 30 year use cycle, and the remoteness of space 
are some of the factors that create demands for new calibration 
equipment and methods. 

Metrology, the regular calibration of measuring and testing 
equipment, is devoted towards an accurate and uniform system of 
measurement. This system is accomplished by using the seven basic 
and two supplementary units of measurement of the International 
System (SI) of units. Measurement traceability to the SI units is 
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manifested by the ability to ultimately trace the calibration of 
equipment and reference standards to the basic units of 
measurement which are maintained by a national laboratory, e.g., the 
National Institute of Standards and Technology (NIST). Preparing 
guidelines and establishing requirements for subsequent on-orbit 
calibration of measurements is necessary to assure proper 
functioning of equipment and the acquisition of valid data. 
Approaches for ensuring long term traceability of calibration of 
appropriate reference standards should be established. 

An initial review indicated that a paucity of data related to 
metrology requirements for in-space operations exists. The objective 
of this definition study was the identification, quantification, and 
analysis of SS operational data to better understand on-orbit 
metrology requirements for future routine in-space operations. The 
detailed scope of work involved in this study is given below and the 
overall approach is shown in Figure 1. 

Task 1 -- Performance of up-to-date literature review 

Review and analysis of select documents to identify on-orbit 
metrology/calibration needs of major systems/elements of the 
Space Station. 

Task 2 -- Identification of on-orbit calibration techniques 

Assessment of state-of-the-art calibration techniques based on 
the measurement parameters identified in Task 1. 

Task 3 -- Identification of sensor calibration requirements 

Evaluation of potential on-orbit sensor calibration techniques. 

Task 4 -- Identification of calibration equipment requirements 

Assessment of state-of-the-art calibration equipment for 
compatibility with on-orbit environment. 

Task 5 -- Definition of traceability requirements 

Definition of potential long term traceability approaches with 
appropriate reference standards. 
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TASK 1 

UP-TO-DATE 
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REQUIREMENTS 
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ACCEPTABLE 
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-r 
ON-ORBIT 

UNIQUE I METHODS 

TASK 6 
NEW EQUIPMENT 

PREPARE 
TECHNOLOGY 

DEVELOPMENT 
P L A N S  

SENSOR 
CALIBRATION DEVELOPMENT -b 

EQUIPMENT DEFICIENCIES 
I REQ~JIREMENTS I 

I + 
I EXISTING CALIBRATION 1 
1 ,  EQUIPMENT I 

T 

IUSE AS IS 

TASK 7 

F I N A L  

TASK 5 + 
DEFINE TRACEABILITY 

REQUIREMENTS - 
I 

Figure 1. Overall approach. 
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Task 6 -- Preparation of technology development plans 

Identification of deficiencies for on-orbit metrology that cannot 
be satisfied using ground based methods. 

Task 7 -- Preparation of final report 

Documentation of results and findings of the study for each of 
the above tasks. 



2. RESULTS AND DISCUSSION 

The Results and Discussion section consists of six subsections. Each 
subsection deals separately with the first six tasks of this study. 
These tasks are: 

0 Task 1, Performance of up-to-date literature review; 

0 Task 2, Identification of on-orbit calibration techniques; 

0 Task 3, Identification of sensor calibration requirements; 

0 Task 4, Identification of calibration equipment 
requirements; 

0 Task 5, Definition of traceability requirements; and 

Task 6, Preparation of technology development plans. 

The data generated during the course of this study are presented in a 
tabular form for the majority of the tasks to provide clarity, 
readability and easy cross-referencing between the various tasks. In 
addition, the writeup for various tasks is organized in such a way 
that continuity is maintained as much as possible without detracting 
from the technical content of this report. 
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2.A Task 1, Literature Review 
I 

A large number of documents were reviewed for this study and 
these are listed in the Bibliography section. As a part of this activity 
several computer data bases were searched which included RECON, 
DIALOG, Engineering Meeting (EIM), Inspec, Engineering Index, 
USG/NTIS, NASA and GIDEP. Initially over 1000 references were 
identified. Final selection of references for review was based on their 
relevancy and value to this study. Only those references included in 
the final selection are listed in the Bibliography section. 

The results presented here are based on the data obtained from: 

Various Space Station related documents (Architectural 
Control 
Documents, Johnson Space Center documents); 

Documents, Space Station Program Office 

Space Station RFP Work Packages #1,  2, 3 and 4; 

Discussions with NASA Space Station Prime Contractors 
(Boeing - Work Package #1, McDonnell Douglas - Work 
Package #2, General Electric - Work Package #3, 
Rocketdyne - Work Package #4); 

0 Consultations with NASA Centers (Marshall Space Flight 
Center - Work Package #1, Johnson Space Center - Work 
Package #2, Goddard Space Flight Center - Work Package 
#3, Lewis Research Center - Work Package #4); 

Technical papers/publications available in  the open 
literature relating to Space Station, Shuttle, submarines 
and work done by USSR; and 

0 General metrology and calibration information 
(equipment manufacturers, technical data sheets, 
conference proceedings). 
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This review has yielded generic calibration/metrology requirements 
for the Space Station. They are presented in Table 1.1 through Table 
1.13 and are organized individually for each of the following 13 
major s y s tems/elemen ts : 

0 Environmental Control and Life Support System (ECLSS); 

0 Extra Vehicular Activity (EVA) System; 

0 Scientific Experiments; 

0 Electrical Power System (EPS); 

0 Data Management System (DMS); 

0 Mechanical Systems; 

0 Fluid Management Systems; 

0 Propulsion System; 

0 Servicing System; 

0 Guidance, Navigation and Control (GN&C) System; 

0 Communication and Tracking (C&T) System; 

e Thermal Control System (TCS); and 

0 Manned Systems (Hab and Lab Modules). 

Primary conclusions are: 

0 Majority of the calibration activities appear to be 
primarily concentrated in only some of the major 
systems, such as, ECLSS, EVA, EPS. 

e Certain similar calibration requirements, for example, 
voltage, appear to be widely distributed throughout the 
station. 
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Primary recommendations are: 

0 Complete definitive identification of specific 
requirements throughout the station. 

0 Develop integrated (commonality) measurement 
requirements that incorporate all work packages. 
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Table 1. 1 Task 1, Calibration Requirements for Space Station 

SYSTEM: ECLSS 

SYSTEM 
FUNCT I ON 

Atmosphere 
Revitalization 
( A R )  

Atmosphere 
Control and Supply 
(ACS) 

Fire Detection and 
Suppression (FDS) 

Air Temperature 
and Humidity 
Control ( T H O  

Water Recovery 
and Management 
(WRM) 

Waste management 

EVA support 

Safe Haven 

MEASUREMENT 
REQUIREMENTS 

Carbon dioxide content 
Oxygen content 
Trace contaminants 

02. N 2  supply and flow 
Cabin pressure 

Fire detection 

Temperature 
Humidity 
Ventilation 

Temperature 
Water quality 

Quantity 

Resource supplies 
(02, N2, Water) 
Waste collection (C02) 

CO2 content 
02,NZ supply 
Trace contaminants 

Humidity 
Water quality 

Waste quantity 
Fire detection 

CALIBRATION 
REQUIREMENTS 

Concentration ( %  1 
Concentration ( x 
Trace concentration (ppmlppb 

Pressure, Flow rate 
Absolute and partial pressure 

Heat, Radiation, Temperature, 
Combustion by-products 

Temperature 
Relative humidity 
Flow rate 

Temperature 
pH, Conductivity, Ion concen- 
tration, Particulate content, 
Total organic carbon (TOO 

~ 

Volume (mass) 

Flow rate, Pressure 

Pressure 

Concentration ( X  1 
Pressure, Flow rate 
Trace concentration 
(PPrn/PPb 1 
Relative humidity 
pH, Conductivity, Ion, 
Particulate, TOC 
Mass, Volume 
Heat, Temperature, Radiation 
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Table 1. 2 T a s k  1, C a l i b r a t i o n  R e q u i r e m e n t s  for Space Station 

SYSTEM: EVA 

SYSTEM 
FUNCTION 

EVA life support 

Reservicing 
subsystem 

Decontamination 
and detection 
subsystems 

MEASUREMENT 
REQUIREMENTS 

Oxygen content 
Oxygen reserve 
Nitrogen 
Carbon dioxide content 
Humidity 
Ventilation 
Pressure (internal 
atmosphere) 
Temperature (internal 
envi ronment )  
Electrical power (reserve) 

Battery and power supply 
performance checkout 
Oxygen resupply module 
Heat rejection module 
regeneration 
Carbon dioxide module 
regeneration 
Humidity module regeneration 
EMU drying 
Performance trend data 
Nitrogen supply 
EMU pressure integrity 
Performance of pumps/fans 

Performance of caution/ 
warning devices 

Cooling loop gas separator 
performance 
Pressure/flow regulators 
EMU sensors calibration 

Con t a minan t s identification 

CALIBRATION 
REQUIREMENTS 

Concentration ( x 1 
Pressure 
Pressure, flow 
Concentration ( X )  
Relative humidity 
Flow rate 
Pressure 

Temperature 

Current 

Voltage, Current, Storage 
efficiency 
Pressure, Leak rate 
Fluid temperature, Fluid flow 
rate, Fluid leak rate 
CO2 removal rate 

H20 removal rate 
Moisture content 
A to D conversion 
Pressure, Leak rate 
Pressure, Leak rate 
Flow rate, Mechanical 
pressure, Voltage, Current, 
Electrical frequency 
Temperature, Pressure, Flow 
rate, Voltage and other 
safety related sensors 
Temperature, Flow rate, 
Pressure 
Pressure, Flow rate 
Suit temperature, Suit pres- 
sure, C02 sensor checkout, 
Vent flow sensor, Primary/ 
secondary 02 supply sensors 

Species identification 

10 
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Table 1. 2 T a s k  1,  C a l i b r a t i o n  R e q u i r e m e n t s  for Space Station 

SYSTEM: E V A  (Continued) 
~ ~ 

SYSTEM 
FUNCT I ON 

System interfaces 

- Hyperbaric 
air lock 

- ECLSS 

- Electrical power 
system 

- Thermal control 
system 

-Fluid system 

- Crew tracking 

- Proximity 

- Docking 

- Electrical hazard 

MEASUREMENT 
REQUIREMENTS 

Pressure 

Trace contaminants 

Fluid Quantity 
Gas quantity 

Power consumed and rate 

Heat input 

Fluid quantity 

Crew member position 

Range 

Range 

Residual charge 

CALIBRATION 
REQUIREMENTS 

Absolute pressure, Rate of 
pressurization and 
depressurization 

Trace concentration 
(ppm/ppb 1 
Flow rate, Volume, Mass 
Flow rate, Pressure 

Voltage, Current 

Fluid flow rate, Fluid 
temperature 

Flow rate, Volume, Pressure 

Distance. Position 

Distance, Rate 

Distance. Rate 

Voltage 
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Table 1. 3 Task 1, Calibration Requirements for Space Station 

SYSTEM: Scientific Ex p er i men t s 

SYSTEM 
FUNCTION 

Life sciences 

Materials 
processing 

Earth Sciences 

Natural 
envi ronment  

~~ 

MEASUREMENT 
REQU I REM ENTS 

~ 

Animal physiological research 

Animal ECLSS 

Botanical research 

Processing parameters and 
material properties 

Atmospheric, oceonographic, 
geological and natural 
resources 

Space environmental research 

CALIBRATION 
REQUIREMENTS 

Mass, Chemical composition, 
Temperature, Micro-g, Optical, 
pH, Electromagnetic dosimetry, 
Voltage, Current, Flow rate 

Gas concentration, 
Temperature, Humidity, 
Pressure, Contaminants 

Liquid quantity, Flow rate, 
Mass, Temperature, Pressure, 
Humidity, Gas composition, 
Optical, Contaminants 

Micro-g, Chemical composi- 
tion, Temperature, Pressure, 
Flow, Electrical conductivity, 
Hardness, Dimensions, Mass, 
Voltage, Flux density, Contami- 
nants, Optical, Radiation 

Wind velocity and direction, 
Temperature mapping, 
Contour mapping, Terrestrial 
radiation and irradiance 

Radiation, Pressure, 
Temperature, Micro-g, 
Magnetic fields, Composition 
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Table 1. 4 Task 1, Calibration Requirements for Space Station 

SYSTEM: Electrical Power System 

SYSTEM 
FUNCTION 

Power generation 
(DC) 

Energy storage 

Power distribution 
(AC) 

MEASUREMENT 
REQUIREMENTS 

~ ~~ 

Output power 
Module conversion efficiency 
Array pointing accuracy 
Temperature 

State of charge 
Battery pressure 
Battery temperature 

User voltage 
User current 
Frequency 
Waveform 
Circuit fault detection 
Continuity 
Insula tion 
NSTS power transfer 

CALIBRATION 
REQUIREMENTS 

~~ 

Voltage, Current 
Solar radiation intensity 
Angle 
Temperature 

Reserve power 
Pressure 
Temperature 

V ol ta ge 
Current 
Frequency accuracy 
Phase angle, Distortion 
Current 
Resistance 
Resistance 
Power (KW) 
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Table 1. 5 Task 1, Calibration Requirements for Space Station 

SYSTEM: Data Management System (DMS) 
~ 

SYSTEM 
FUNCT I ON 

Optical data 
distribution 
(fiber optics) 

Time and 
frequency 
reference 

A to D and D to A 
conversion 

Signal 
conditioning 

Interfacing 

MEASUREMENT 
REQUIREMENTS 

Transmission reliability 

Time/frequency stability 

Conversion accuracy 

Function accuracy 

Data com munication rates: 
Time and frequency accuracy 
Orbital position data 
Attitude data 
Data integrity 
Bit error rate (electronic) 
Bandwidth (SSIS support) 
Data acquisition and 
distribution 
Telemetry 
MDM (A to D and D to A )  

CALIBRATION 
REQUIREMENTS 

Frequency, Power, 
Attenuation, Bandwidth, 
SIN ratio 

Drift rate 

Full scale, Zero stability, Lin- 
earity 

Gain/attenuation, SIN ratio, 
Bandwidth 

Signal timing 
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Table 1. 6 Task 1, Calibration Requirements for Space Station 

SYSTEM: Mechanical Syste ms 

SYSTEM 
FUNCTION 

Alpha axis 
transverse boom 
rotary joint 

Central radiator 
rotary joint 

Umbilical 
mechanisms 
(remote operation) 

Assembly 
mechanisms 
and tools 

End effector 

MEASUREMENT 
REQUIREMENTS 

Pointing accuracy 
Stability 
Jitter 
Search rate 

Rotational accuracy 

3-D position accuracy 
Electrical continuity 
Leakage (gas, liquid) 

Integrity of assembly 

Mechanical functions 

CALIBRATION 
REQUIREMENTS 

Degrees 
Degrees 
Degrees 
Degree/second 

Degrees 

3-D coordinates 
Resistance 
Leak rate, pressure 

Torque, Stress, Strain, 
Tension, Straightness 

Tactile force, Rotational 
accuracy, Torque 
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Table  1. 7 Task 1,  Calibration Requirements  f o r  Space  Stat ion 

SYSTEM: Fluid Management  S y s t e m s  

MEASUREMENT 
REQUIREMENTS 

Nitrogen quantity 

Water quantity 

Water quality 

Waste fluid quantity 

Waste fluid composition 

CALIBRATION 
REQUIREMENTS 

Pressure, Flow rate, Leak rate, 
Temperature 

Flow rate, Level, Pressure, 
Leak rate 
pH, TOC, Conductivity, Ion, 
Particulate 

Pressure, Flow rate, Level, 
Leak rate 
Com position 
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Table 1. 8 Task 1. Calibration Requirements for Space Station 

SYSTEM: Propulsion Syste m 

SYSTEM 
FUNCTION 

Orbital position 
and attitude 
reorientation 

Propellant reserve 

Electrolysis unit 

DMS interfacing 

MEASUREMENT 
REQUIREMENTS 

Thruster performance 

Quantity gaging 

Electrical 
Generation rate 

Performance data 

CALIBRATION 
REQUIREMENTS 

Force, Flow rate, Pressure, 
Temperature, Electrical power 

Pressure, Temperature 

Voltage, Current, Conductivity, 
Temperature, Pressure 

Sensor and A to D accuracy 
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Table  1. 9 Task 1. Calibration Requirements  for Space  S ta t ion  

SYSTEM: Servic ing  S y s t e m  

SYSTEM 
FUNCTION 

Utilities 

Maintenance (work 
stations and port- 
able equipment) 

MEASUREMENT 
REQUIREMENTS 

Utilities usage data 

Operational performance 

CALIBRATION 
REQUIREMENTS 

Fluid flow, Thermal load, 
Electrical power 

_ _ _ _ _ _ _ _ _ _ ~  

Voltage, Current, Resistance, 
Impedance, Frequency, RF 
Power/attenuation, Distortion, 
Temperature, Pressure, Flow 
rate, Force, Dimensional, 
Optical 
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Table  1 .  10 Task 1, Calibration Requirements  for Space  S ta t ion  

SYSTEM: Guidance, Navigation a n d  Control (GN6rC) 

SYSTEM 
FUNCTION 

Orbital attitude and 
position control of 
station, payload, 
and platforms 

Collision avoidance 

MEASUREMENT 
REQUIREMENTS 

Orbital position/attitude 

Distance and approach 
deter mination 

CALIBRATION 
REQUIREMENTS 

Latitude, Longitude, Attitude, 
Altitude 

Distance 
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Table 1 .  1 1 Task 1, Calibration Requirements  for Space  Stat ion 

SYSTEM: Com munications & Tracking S y s t e m  (CdrT) 

SYSTEM 
FUNCT I ON 

Microwave 
subsystems 

Signal processing 
subsystems 

Proximity 
deter mination 

MEASUREMENT 
REQUIREMENTS 

Performance characteristics 

Signal characteristics 

Position/range accuracy 

CALIBRATION 
REQUIREMENTS 

CarrierAF frequencies, 
Receiver sensitivity, 
Transmitted power 

S/S+N ratio 

Range, Velocity, Angle 

20 



Table  1 .  12 Task 1,  Calibration Requirements  f o r  Space  Stat ion 

SYSTEM: Thermal Control S y s t e m  (TCS) 

SYSTEM 
FUNCTION 

Waste heat 
acquisition, 
transport and 
rejection 

MEASUREMENT 
REQUIREMENTS 

Heat load 

CALIBRATION 
REQUIREMENTS 

Heat flow rate, Liquid flow, 
Pressure, Emissivity 

(Note: Additional requirements 
will depend on final design) 
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Table  1 .  13 Task 1,  Calibration Requirements  for Space  Stat ion 

SYSTEM: Manned S y s t e m s  (Hab & Lab Modules)  

CALIBRATION 
REQUIREMENTS 

Leak rate 
Stress, Strain, Elongation, 
Deflection 
Acoustics/ultrasonics 
Acoustics 
Spectral, Energy levels 

Data aquisition 
Test and Diagnostic 
instruments (Refer to Table 
1.9, Maintenance, Page 18) 

i 22 
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2.B Task 2, On-Orbit Calibration Techniques 

Information pertaining to Task 2 is presented in Table 2.1 through 
Table 2.13 for each of the 13 systems/elements and their respective 
measurement requirements identified in Task 1. The majority of the 
Range/Accuracy information was derived from the review of 
literature listed in the Bibliography section. In some cases these are 
best estimate values based on available information and are by no 
means intended to be firm or conclusive. This is believed not to 
affect the validity of the rest of the information presented for a 
specific measurement requirement. Generally, the Measurement and 
Calibration Techniques presented represent the state-of-the-art in 
measurement science for on-ground calibrations. However, some 
emerging techniques are also included with a view for potential on- 
orbit use. 

The types of measurement and calibration equipment used for each 
technique and applicability for on-orbit use are assessed and 
presented. Approximate calibration intervals were estimated based 
on the range/accuracy requirements, current on-ground calibration 
practices, and a limited understanding of the effects of on-orbit 
natural environment on measurement accuracies. Shorter intervals 
may be required for higher accuracy applications. Calibration 
intervals are not provided for techniques that are not presently 
suitable for on-orbit use. 

Primary conclusions are: 

0 Calibration techniques for several measurement 
categories are currently available for on-orbit use. 
However, many of these may not be totally optimized and 
in addition satisfy only a limited number of measurement 
criteria for each category. Some examples are given 
below. 

- Direct comparisons to more accurate sensors used 
as transfer standards (pressure sensor, flow meter, 
load cell), 

- Replacement of sensors with precalibrated spares 
(humidity, photometry), 

2 3  
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- Existing on-orbit satellite practices (telemetry, 
frequency /t  ime) , 

- Use of natural environment and stellar bodies 
(orbital position and attitude, pointing angles 
and stability), 

- Use of stable Standard Reference Materials (pure 
substances, material property standards). 

0 Calibration techniques that are not currently suitable or 
need to be developed were identified for the following 
measurement categories. 

- Chemical composition (limited range and stability 
for many applications), 

- Spec trophotometry/radiometry (errors due to 
out-of-band responses of sensors), 

- Temperature (inaccuracies of high temperature 
pyrometric measurements), 

- Dimensional (lack of automation), 

- Electrical/electronic (errors induced by the natural 
environment), 

- Mass and derived categories such as pressure, flow 
and force (need for gravity independent 
techniques), 

- Magnetic flux (interferences from variations in 
magnetic field due to the periodic orbiting of the 
station), 

- Micro-g (need to establish validity through 
substantial on-orbit experimentation). 

Primary recommendations are: 

0 Conduct additional evaluation of current calibration 
techniques. 

2 4  



Improve accuracy and extend calibration life through 
enhanced techniques. 

Develop solutions for voids in calibration techniques. 

2 5  
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2.C Task 3, Sensor Calibration Requirements 

The results and discussion for this task are presented in Table 3. Data 
on specific types of sensors, their measurement applications, 
principles involved in calibrating these sensors, and comments 
concerning their advantages and limitations are included in the table. 
The specific sensors (for example, platinum resistance thermometer, 
quartz thermometer) included for each measurement category (for 
example, temperature) are candidate sensors that could be 
potentially used on-orbit (based on the specific application 
requirements). The information given in the comments column could 
be an aid in determining the applicability of a specific sensor for a 
particular application. Inputs were derived from the results of Task 
1 and sensors used on earth and NSTS. Additional inputs were 
obtained from manufacturers' data books, metrology documents, etc. 

There will be several hundreds of sensors aboard the Space Station 
with pressure, flow, and temperature sensors probably being used in 
the largest quantity. 
major concern aboard the Space Station with sensor data being used 
to determine usage rates and reserves. 
impending malfunctions, sensors must be as accurate as possible. 
Intercomparison of multiple sensors may be beneficial in evaluating 
the operation of various systems. However, the requirement for 
failure isolation of subsystem elements will limit the degree of 
correlation possible between data obtained from different sensory 
inputs. 

Resource and energy conservation will be a 

To allow detection of 

Sensor drift is inevitable; therefore, some method must be provided 
to recalibrate the basic function of each sensor, which is to convert a 
measured condition into an useable output. 
some form of analog electrical output, such as, proportional voltage, 
current, resistance, or frequency. This output may require additional 
conditioning before being converted into a digital format. 
sensor calibration methods simulate the function of the sensor 
electrically and determine the errors of only the output and 
conditioning circuitry. To accurately characterize the performance of 
a sensor a direct comparison to an appropriate reference condition or 
a standard sensor of better accuracy must be performed. 

Most sensors provide 

Some 

The sensor may be tested in-situ; however, calibration over the full 
range of the sensor may be possible only if the sensor is removed 

80 



and operated in a separate calibration/test fixture. 
replacement with another calibrated sensor may be necessary when 
practical on-orbit calibration methods do not exist or to improve 
calibration efficiency. 

Sensor 

Primary conclusions are: 

0 Most types of sensors investigated exhibit some 
undesirable properties, such as, sensitivity to 
electromagnetic interference, response to ambient 
environmental conditions, and accuracy deterioration due 
to aging. Compensations for these properties, whether 
performed at the sensor element with additional circuitry 
or in the form of software constants or algorithms, must 
be repeatedly determined. 

0 Effects of on-orbit natural environment on the 
accuracy of many types of sensors have not been 
completely understood. 

Primary recommendations are: 

Long term stability should be considered as one of the 
primary selection criteria for on-orbit sensors. 

0 Calibration techniques for sensors must include 
verification of primary function (such as pressure to 
voltage conversion) as well as a determination of all 
major compensation constants (temperature and aging 
coefficients). 

0 Sensor applications must provide for necessary 
calibration access and interfaces. 

8 1  
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2.D Task 4, Calibration Equipment Requirements 

The Task 4 results pertaining to the assessment of available 
calibration equipment are presented in Table 4. The major 
measurement categories (temperature, pressure, etc.), description of 
pertinent available calibration equipment for each measurement 
category, and their on-orbit compatibility and deficiencies are 
included. Results of Tasks 1, 2, and 3 provided the inputs for this 
task. In addition, information obtained from equipment 
manufacturers' data books, metrology documents, discussions with 
equipment manufacturers, etc. was included in this assessment. 

Most commercially available (on-ground) calibration equipment are 
not suitable for on-orbit use due to the minimal attention paid 
(during design and fabrication) to weight, size and power 
requirements. Some instruments, for example, a 100 ampere 
transconductance amplifier used for calibration of high current 
shunts and meters, are necessarily large and heavy. The volume 
efficiency (space utilized within the case) for many instruments is 
40% or less. Common circuitry (such as, power supplies, displays, 
control panels, automation interfaces) of specialized, single purpose 
instruments usually account for up to 70% of the total weight. 

Some examples of additional design deficiencies in currently 
available commercial equipment include the following. The internal 
thermal stability of many electronic instruments depends on thermal 
convection, which is absent in micro-g environment. This would 
severely impact the design of many high accuracy instruments which 
typically have a temperature specification of +/- 1 degree C. Further, 
transporting some delicate instruments may be difficult due to the 
sensitive mechanical components that may be present in these 
instruments. Many instruments are only moderately shielded against 
electromagnetic interference (EMI) and cannot be operated in close 
proximity to radiating equipment. A shielded enclosure or room 
(functioning as a Farraday cage) must be used to isolate some 
calibrations from outside interference. The shielding provided by the 
Space Station will perform the opposite by containing interference 
sources within the small interior volume of the modules. 

9 9  



Primary conclusions are: 

e Vast majority of available calibration equipment cannot 
be used on-orbit without some redesigning and 
repackaging to reduce excess weight, size or volume. 

e Redundant circuitry of individual equipment could be 
minimized or eliminated to achieve compactness, 
commonality, integration and weight savings by reducing 
the need for separate power supplies, displays, control 
panels, etc. for each equipment. 

e Additional deficiencies (for example, instability, gravity 
dependence, sensitivity to natural environment) that are 
specific to a particular equipment were identified. 

Primary recommendations are: 

e Identify in detail the type of calibration 
equipment required for sustained operation. 

0 Develop an equipment commonality list to aid in the 
integration process. 

e Investigate the innovative design features required for 
long term stability. 

e Develop approaches for space qualification of calibration 
equipment. 
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2.E Task 5,  Traceability Requirements 

Some of the inputs for this task were derived from the results of 
Tasks 1 through 4. Additional inputs were obtained from metrology 
literature, and discussions with metrologists in industry and 
government. Details of the results and discussion are included in the 
later paragraphs of this section. The primary conclusions and 
recommendations are presented first. 

Primary conclusions are: 

0 Traceability for initial operation will be provided by the 
use of on-ground precalibrated instrumentation. 

0 Near term traceability for subsequent calibrations can be 
provided through the use of secondary transfer standards 
transported between the station and the earth. 

0 Long term traceability will require development of 
on-orbit primary standards to reduce the burden of 
repeatedly transporting the secondary standards into 
space. 

0 The in-space natural environment could potentially be 
better utilized to provide calibration standards. 

Primary recommendations are: 

0 Develop detailed traceability approaches for near term 
operation. 

0 Determine feasibility and develop techniques for 
providing resident (on-board) primary reference 
standards. 

0 Research and develop methods for better utilizing the in- 
space natural environment as primary reference 
standards. 

0 Perform drift trending of appropriate data (with known 
uncertainties) to improve confidence in calibration. 
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Constancy of measurement accuracy over time is only possible 
through the use of highly stable reference standards, and a well 
defined and traceable path between the measured value and the 
value of the standard. Traceability of measurement data is 
necessary to assure that hardware specifications, operational 
performance and scientific experimentation meet design 
requirements. On Earth, traceability is accomplished through the 
direct comparison of measurement apparatus to standards of better 
accuracy and proven traceability to accepted national standards such 
as those maintained by the National Institute for Standards and 
Technology (NIST). Several levels of standards are used, with each 
level being compared to next higher level, since it is not practical to 
compare all measuring instruments directly to the national standards 
at NIST. Any discrepancies in accuracy detected during this process 
(calibration) are documented or eliminated (by adjustment). 
Accepted values of natural constants are also used to provide 
traceability (through definition) for some measurements. Examples 
of these include atomic resonance (unit of time-second), wavelength 
of light (the meter), and various properties of pure chemical 
substances. 
standard is not practical for a particular application. 

A transfer device is necessary when the use of a natural 

Initial (first time) calibration of a measuring instrument does not 
provide long term traceability unless the tendency of the instrument 
to drift over time is determined and quantified. Since all measuring 
instruments can be expected to exhibit some degree of drift, 
confidence in measurement accuracy always deteriorates with time. 
Drift rates are seldom linear and must be recomputed periodically 
over the life of the measurement instrument. The initial calibration 
uncertainties (sum of all possible sources of error), the measured 
rate of drift, and the criticality of the measurement application 
(confidence requirements) limit the maximum interval between 
calibrations. 

Measurement traceability for the Space Station will be an even 
greater challenge than it is on Earth. 
based on universally accepted standards. Although the International 
System (SI) of measurements will be used to define values of all 
primary standards, differences in techniques and apparatus for the 
practical realization of these standards may create small 
disagreements among the international partners. Discrepancies 
caused by misalignment of the respective standards of each 
international partner will be difficult to resolve in space. 

All traceability paths must be 

The 'm 
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remoteness of space, effects of the natural environment, and the 
constraints of weight, volume, and power placed on all payloads will 
make providing continuous traceability to the Space Station a 
substantial task. 

Very few techniques exist that can provide accurate measurement 
capabilities (without periodic recalibration or replacement) for the 
thirty year life of the Space Station. 
measurement/calibration categories required for long term operation 
in space. 
calibration technology) only a few of these requirements. 
standards for some categories currently exhibit long term (greater 
than ten years) stability and would require infrequent renewal (with 
minor engineering or design adjustments for on-orbit application). 
These categories are shown as semi-permanent capabilities aboard 
the Space Station. Telemetry (Space Station to Earth) will be useful 
for the analysis of measurement data and detecting trends in 
operational performance which may indicate system malfunctions. 
With the exception of measurements based only on frequency (or 
time), telemetry cannot provide the necessary traceability for the 
measurement of physical parameters or the subsequent conversion 
of analog information into a digital format. These must be verified 
by comparison to appropriate reference conditions. Traceability for 
most categories, however, will require that calibration transfer 
standards be transported to the Space Station or that on board 
equipment be replaced (ORU's) and returned to earth at regular 
intervals. Approaches to providing traceability for each of the 
measurement categories identified in Figure 2 are described in the 
following paragraphs. 

Figure 2 shows the major 

The natural environment can satisfy (with current 
Reference 

MASS 

Mass artifact standards (weights) maintained on board the 
Space Station can be expected to remain stable for many years, 
if protected from exposure to environmental factors that could 
cause a loss of mass (corrosion) or a mass gain (contamination). 
Intercomparison of individual weights within a set or visual 
inspection for damage can be used to extend confidence in 
mass standards indefinitely for limited accuracy applications 
(for example, using a highly polished class "S" set for a class "F' 
application). Techniques and apparatus for mass measurement 
in space need to be developed and also the material, shape, and 
coating requirements for on-orbit mass standards needs to be 
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developed. 
(voltage) or physical (length) standards may be necessary for 
interpolation between fixed values to reduce the number of 
required standards. Mass standards can also be used to 
provide traceability for related measurements, such as, force, 
pressure, and quantity. 

Ratio calibration techniques based on electrical 

Traceability for force measurement is derived from the unit of 
mass (kilogram). 
force measuring instruments (load cells) are not practical for 
use aboard the Space Station. For most on-orbit calibrations a 
transfer standard load cell, initially calibrated on earth, should 
satisfy traceability requirements provided the accuracy of the 
transfer device exceeds the requirements of the measurement 
application. An alternative method could be the replacement 
of measurement load cells, within a reliable calibration 
interval, with spare load cells kept on-board or sent from the 
ground. Current designs (load cells) would allow calibration 
intervals of 1 to 2 years for frequent use, and 2 to 3 years for 
limited use (such as a transfer standard). Spares could be 
stored for 2 to 3 years before initial use. 

"Dead Weight" calibration techniques for 

PRESSURE 

On Earth, traceability for pressure measurement is based on 
the kilogram. 
transducers are available that can serve as on-orbit transfer 
standards. Instability (long term) of these devices will require 
replacement (possibly every one to three years), but because of 
their small size they should not be a substantial burden to the 
logistics resupply plan. A transfer standard pressure sensor 
could be utilized for on-orbit calibration and for reducing the 
quantity of replacement sensors needed. 

Small, light weight, and accurate pressure 

FLOW 

Traceability for flow measurements (liquid and gas in terms of 
volume or mass per unit time) must be derived from multiple 
reference standards. Several compensation factors (pressure, 
temperature, density, etc.) must also be considered, since most 
gases and liquids exhibit less than ideal behavior. Flow 
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calibration accuracies are thus limited by the accumulation of 
many sources of uncertainties. The use of transfer standards 
on-orbit (a 'standard' flow meter) will limit accuracy even 
further and may be useful only for lower accuracy calibrations. 
Suitable flow calibration equipment must be developed if 
accuracy requirements better than several tenths of a percent 
are anticipated. Calibration intervals will depend on accuracy 
requirement, type of flow meter selected, and the frequency of 
use. Continuous use applications may require recalibration as 
often as 1 to 2 years. 

TEMPERATURE 

Platinum resistance thermometers (PRTs) and fixed 
temperature points (melting/boiling points of elements such as 
gold, zinc, germanium, and oxygen) can easily provide 
traceability for most temperature measurements. Unless 
repeatedly subjected to high temperature, the PRT exhibits 
very good accuracy and stability, and is acceptable as a 
primary transfer standard for temperatures to greater than 
600 degrees centigrade. 
be used for applications requiring extreme conditions. 
Quantities of these pre-calibrated standards can be stored for 5 
to 10 years. Calibration requirements (resistance) for a PRT 
are within the expected capabilities for on-orbit electrical 
calibrations. The type "S" thermocouple can be substituted for 
the PRT in high temperature applications (but with less 
accuracy). Temperatures much above 1000 degrees centigrade 
must be calibrated using optical pyrometer/blackbody 
measurement techniques. This equipment may require some 
design/engineering modifications for practical use on the Space 
Station. 

Small replaceable PRT elements can 

HUMIDITY (MOISTURE CONTENT) 

The Optical Dewpointer (chilled mirror type) can be used for 
measurement/calibration of moisture (relative humidity and 
trace moisture) measurements from parts-per-million 
concentrations to nearly saturation levels in air and other gases 
through traceable temperature measurements. Saturated salt 
solutions can be used to generate very accurate humidity levels 
for the calibration of moisture sensors. 
and disposal of exhausted solutions may be an issue. 

Storage, preparation, 
The 
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response time and sensitivity of this method may be affected 
by the lack of thermal convection in space. Semiconductor 
humidity sensors, because of their small size and weight could 
be used as a consumable transfer standard (replaced at 1 year 
intervals). Hermetically sealed sensors can be stored for up to a 
year before initial use. 

MICRO-G (ACCELERATION) 

The on-orbit calibration of sensitive instrumentation to 
measure very small gravitational, acceleration, and vibrational 
forces will require further development of techniques and 
equipment. Calibration of some instruments on earth in the 
presence of a one-g background may not be valid for use in 
space. 

OPTICAL (POWER AND SPECTRUM) 

Traceable optical power measurements are limited mainly by 
uncertainties of the equipment and techniques used to 
represent theoretical values. The resolution of relative power 
measurements can be many times the accuracy of absolute 
measurements; the latter can be a problem if long term trends 
must be established. Calibrated semiconductor sensors in 
conjunction with calibrated filters can be used as transfer 
standards and returned to earth for recalibration at one to two 
year intervals. 
may generate sensor currents and could result in errors. 
Several types of analytical instruments (chemistry) utilize 
spectrometric properties for material composition analysis. 
Standard Reference Materials (SRMs) with the desired optical 
properties must be available for the calibration of these 
instruments. Replenishment of these SRMs will be necessary 
due to shelf life limitations. The use of natural illumination for 
calibration purposes is limited but should be investigated for 
the future. 

Out-of-band radiation (such as short x-rays) 

MAGNETICFLUX 

A source of magnetic flux (magnet) or a sensor (flux probe) are 
acceptable methods for calibrating magnetic field measuring 
instrumentation. Two standards will be required, one for weak 
fields and the other for strong fields. The magnetic and 

126 



electrical variations that will be experienced on-orbit will 
generate errors in sensitive measurements and may (over long 
periods of exposure) cause changes in reference standards 
requiring replacement every 1 to 2 years. The Earth's 
magnetic field is sufficiently well known for calibrating some 
instruments on the ground, but cannot presently be used on- 
orbit as a calibration standard. 

RADIATION 

Radiation sensors (semiconductor, ion chamber, film, etc.) do 
not have sufficient long term stability to be used as calibration 
standards. Integrating sensors (such as a film badge) must be 
frequently resupplied (every 90 days) and will probably be 
returned to the ground for processing. 
available as SRMs (from NIST) that are predictable over many 
years. Adequate shielding must be used to protect personnel. 
The background radiation in space is not presently useful in 
providing measurement traceability. 

Radiation sources are 

MATERIAL PHYSICAL PROPERTIES 

Traceability for the measurement of material properties such 
as hardness and conductivity is provided through SRMs. 
calibration intervals can be five to ten years if protected from 
environmental factors. 

Useful 

DIMENSIONAL MEASUREMENTS 

Dimensional standards such as gauge blocks, internal and 
external diameter gauges, sine blocks and line standards can be 
designed for specific or generic calibration applications. 
Thermal coefficients of the standard can either be matched to 
the application or fixed at any practical value (nonmetallic 
standards c m  be made with very low coefficients). 
proper care these standards can be expected to remain stable 
for several years (10 years or more). Laser interferometry can 
be used as a self-traceable calibration standard for manual and 
automated measurements from micro-meters to several 
hundred meters, and can also be configured for angular and 
velocity measurements. The predictable position of natural 
stellar bodies provide permanent traceability for the 
measurement of angles, angular rates, and attitude stability. 

With 
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CHEMICAL PROPERTIES 

I 

The quantitative and qualitative analysis of resources, 
contaminants, and wastes will require many chemical Standard 
Reference Materials. 
sources (such as NIST) for many of the requirements. Some of 
these standards exhibit only short term stability and will need 
to be replenished frequently. 
flammable, or even toxic. 
sediments may react differently in a low "g" environment than 
on Earth. 
liquid mixtures of known concentrations) for calibration uses in 
space need to be developed. 

These can be provided from approved 

Some may be highly corrosive, 
Solutions, liquid suspensions, and 

Proportional mixing apparatus (to prepare gas and 

ELECTRICAL 

The traceability of almost every on-orbit measurement and 
calibration will be at least partially dependent on accurate 
electrical measurements. Conversion of several hundred 
channels of analog data into digital format for analysis, storage 
or transmission to Earth will be accomplished with electronic 
conditioning and conversion circuitry that must be periodically 
calibrated to assure the reliability of all data collected. 
Verification of sensor accuracy, stability of excitation sources, 
output amplifiers, interconnecting wiring, and analog to digital 
converter accuracy are usually based on the measurement of 
several electrical parameters which in turn are based on the 
value of the volt, the ohm, and the ampere. Traceability for 
electrical measurements will require on-board standards for 
these and other secondary parameters. 

VOLTAGE, D.C. 

The Zener Diode whm operated properly is an acceptable 
transfer standard for voltage with an accuracy slightly better 
than one part per million per year. This device exhibits a 
hysteresis with changes in operating conditions such as 
junction temperature and current. A loss of power may cause a 
permanent shift in the operating point. Additional circuit 
components are necessary to compensate for large temperature 
and current coefficients (several parts per million). Zener drift 
(aging) is presently thought to be linear and can be predicted 
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fairly accurately for a few years. Additional evaluation will be 
necessary before the long term (five years or longer) effects of 
aging can be reliably determined. Applications without rigid 
temperature controls, compensation, and backup power 
capability may require recalibration every two or three years. 

The Josephson Array is a recent development in calibration 
technology that may prove useful in providing long term 
traceability (ten years or more) when it can be made more 
practical for on-orbit use. 

To establish traceability for a large range of voltages (from 
microvolts to thousands of volts) requires the use of precise 
ratio requirement to allow comparison to a fixed reference 
voltage. 
to the total uncertainty at voltages different than the reference 
voltage. 
measurement capabilities for resistance and current. The 
Current Comparator Bridge, another recent development, 
exhibits better long term stability than resistive type dividers. 
This should be compatible with on-orbit use with some minor 
engineering. 

The accuracy of the ratio device used will contribute 

A ratio standard is also useful in extending 

RESISTANCE 

Special alloys with very low thermal coefficients and high 
stability are used in the construction of high precision wire 
wound standard resistors, which must be aged for several 
years before the final drift rate can be determined. 
Semiconductor (thick film) technology has improved to the 
point that resistors with thermal coefficients and aging rates 
almost as good as wire wound resistors can be made. 
or electrical abuse can permanently change any precision 
resistor, with the semiconductor type being somewhat more 
sensitive. 
resistance variations that can be detected for years if proper 
techniques are not used to prevent excessive strain to the 
resistance element. With proper design and protection from 
damage, standard resistors can remain stable for many years, 
possibly up to thirty years. 

Physical 

Soldering of attachKent leads can often cause 

A Quantum Hall Effect resistance standard has recently been 
developed that is based on a naturally occurring constant. This 

129 



standard is not presently practical for on-orbit use due to the 
large amount of support apparatus presently required for 
operation. Further development is necessary even before this 
technology can be utilized in various calibration laboratories on 
Earth. 

CURRENT 

A current shunt (resistor) is the most common standard for DC 
current calibration. 
measurements (over 10 amps) is limited by the power and 
temperature coefficients of the shunt used. Accelerated aging 
can be caused by repeated electrical heating. 
per year for a 100 amp shunt can be obtained, if high current 
use is limited to short durations. 

The accuracy of high current 

Accuracy of 0.1% 

A current transformer is used as a ratio device to divide a high 
AC current to a more easily measured value. 
the current transformer can be used for many years without 
recalibration. 

Unless damaged, 

VOLTAGE, A.C. 

The calibration of AC voltage (and current) is usually done using 
a thermal (RMS responding) converter with a known difference 
in response between a DC voltage and an equal AC voltage. 
Traceability is through this known difference and a DC voltage 
standard. 
stable but is extremely sensitive to abuse. 
ranging resistors are required to cover a large measurement 
range. With proper care, the AC/DC transfer standard can be 
used for up to five years. 
for RF voltage, current, and power measurement. Digital 
waveform sampling is a recent development that can also be 
used to provide traceability to DC voltage. This technique is 
better suited for automation than thermal methods. 

The AC/DC difference of the thermal element is very 
Low reactance 

Thermal converters are also available 

The method used to provide traceability for frequency 
measurements depends on the accuracy desired. The highest 
possible accuracy will be obtained with an on-board Cesium 
(atomic) frequency standard; currently used in spacecrafts to 
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provide a time and frequency reference accurate to better 
than one part in ten billion. 
less accurate requirements. Temperature and aging 
compensation can be used to provide accuracy to one or two 
parts per million per year. 
signal propagation variations will limit the accuracy. 
Cumulative errors are not a factor with telemetry as 
recalibration can be frequently performed. 

Quartz oscillators can be used for 

Telemetry can also be used but 

The typical standards (using existing technology and practices) to 
provide basic traceability for on-orbit measurements have been 
presented in this section. Sending a reference standard for use in 
space does not guarantee that the performance of that standard will 
be the same as on earth. The effects of the natural environment, or 
the practicality of using these standards has not been fully 
addressed. 
ratio, and distribute the appropriate values to all measurement 
systems. 
to keep weight, size, and power requirements at a minimum. 
Mechanical and thermal isolations are necessary to assure highly 
stable operating characteristics of most standards. 

Potential methods to satisfy many of the traceability requirements of 
the Space Station may exist within the unique properties of the 
natural environment in space. Utilization of background fields, 
radiation levels, and spectra of various forms of energy as on-orbit 
calibration standards can greatly reduce the burden of furnishing 
traceability from the ground. The vast expanse of space and isolation 
from man induced factors may be an advantage in developing future 
standards that are presently limited by the environment on earth. A 
comparison of Figures 2 and 3 demonstrates this potential for self 
sustained on-orbit traceability. It is quite likely that calibrations 
performed in earth-bound laboratories will eventually look to on- 
orbit standards for traceability. 

Equipment will need to be developed that can transfer, 

Most calibration equipment was not designed with a need 
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2.F Task 6, Technology Development Plans 

The calibration/measurement development areas for equipment, 
technology, methodologies, etc. are included in the results for this 
task. Technology Development Plans (TDPs) for some of the key items 
are presented. These items are: micro-g, mass, pressure/flow/force, 
electrical, optical/radiation, magnetic, contamination monitoring, gas 
sensors, temperature, and dimensional. Some of the minor areas, 
such as humidity, requiring very limited enhancements are not 
included. Each TDP consists of: Technology Item, Required Effort, 
Deficiencies, Technology Plan, Resource Requirements, Test Program, 
Schedule, Risk Assessment, and Benefits Assessment. The Required 
Effort for each plan is categorized as major, medium or minor, and 
this could allow prioritization of these TDPs. The results of Tasks 2 
through 5 provided the inputs for the performance of this task. 

The information presented here is intended for enhancements and 
long term reliability of Space Station operation. In a majority of the 
cases the initial safe operation of the station can be accomplished 
through the use of existing technologies. 

Primary conclusions are: 

e Micro-g, mass, and pressure/flow/force measurements 
could be major efforts. 

e Electrical, magnetic, optical/radiation, and contamination 
measurements could be medium efforts. 

0 Gas sensors, temperature, and dimensional measurements 
could be minor efforts. 

e Major technology gaps exist in gravity dependent 
measurement techniques and those that are sensitive to 
in-space natural environment conditions. 
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Primary recommendations are: 

Continue to focus efforts for developing appropriate 
technologies that are gravity independent. 

0 Develop more complete understanding of the effects of 
in-space natural environment. 
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TECHNOLOGY DEVELOPMENT PLAN #1 

TECHNOLOGY ITEM: MICRO-G (ACCELERATION) 
MEASUREMENTS 

REQUIRED EFFORT: Major 
(Theoretical and experimental research, 
equipment development and validation) 

DEFICIENCIES: 

a Limitations in sensitive micro-g measurements 
a Incompatibility of calibration techniques for on-orbit 

a on-ground (1 -g background) calibration may not be valid 
applications 

for on-orbit application 

TECHNICAL PLAN: 

a Need to develop on-orbit measurement and calibration 
methods 
- Methods for improved accuracy 

Qualify methods for on-orbit use - 

RESOURCE REQUIREMENTS: 

a Mechanical Engineer 

TEST PROGRAM: 

0 On-ground 
- Experiment design and verification plan 
- Fabricate experimental systems 

a Preliminary experiments (KC-135) 
a Confirmation of results (Shuttle flight) 
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l o  TECHNOLOGY DEVELOPMENT PLAN #1 
(CONTINUED) 

SCHEDULE: 

0 3-5 years 
- On-ground testing of concepts 

- Final verification of experiments using Shuttle 

- Preliminary validation of systems using KC-135 
flights 

flights 

RISK ASSESSMENT: 

0 Lack of or less accurate micro-g measurement 
capabilities 

0 Long lead time for technique development 

BENEFITS ASSESSMENT: 

0 Accurate micro-g measurements 
0 Aid in Space Station operation 

1 3 6  



TECHlr 3LOGY DEVELOPMEP T PLAN #2 

TECHNOLOGY ITEM: MASS MEASUREMENTS 

REQUIRED EFFORT: Major 
(Methods Development and 
Qualification) 

DEFICIENCIES: 

0 Lack of accurate measurement methods 
Measurement technique needs to be application- 
specific 

TECHNICAL PLAN: 

e Need to develop on-orbit measurement techniques 
- Non-rigid objects 
- Inhomogeneous materials 
- Complex, irregular shapes 

RESOURCE REQUIREMENTS: e 
e Metrologist 
0 Mechanical Engineer 

TEST PROGRAM: 

0 On-ground 
- Develop measurement concepts for various 

- Conduct preliminary experiments 
applic a ti on s 

0 Perform final verification (KC- 135) 
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TECHNOLOGY DEVELOPMENT PLAN #2 
(CONTINUED) 

SCHEDULE: 

3-5 years 
- Verification of application-specific concepts (on- 

- Final validation to confirm candidate techniques 
ground) 

(KC- 135) 

RISK ASSESSMENT: 

0 Lack of optimum methodologies 

0 Precision Mass Measurements must be performed on 
0 Lack of or less accurate measurements 

ground 

BENEFITS ASSESSMENT: 

0 Availability of precision on-orbit measurement capability 
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TECHNOLOGY DEVELOPMENT PLAN #3 

TECHNOLOGY ITEM: PRESSURE/FLO W/FORCE 
(these are derived measurements from 
the unit of mass) 

REQUIRED EFFORT: Major 
(primary standards development) 

DEFICIENCIES: 

e Current primary standards are gravity dependant 
Use of secondary standards limits accuracy and 
calibration intervals 

TECHNICAL PLAN: 

0 Develop practical methods for on-orbit use 

RESOURCE REQUIREMENTS: 

0 Mechanical Engineer 
e Metrologist 

TEST PROGRAM: 

0 On-ground 
- Develop and evaluate design 
- Assess gravity substitution methods 

e Preliminary experiments (KC-135) 
Final validation of concepts (Shuttle) e 

SCHEDULE: 

0 3-5 years - Develop concepts 
- Conduct experiments 
- Fabrication and testing of prototype 

‘0 
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TECHNOLOGY DEVELOPMENT PLAN #3 
(CONTINUED) 

RISK ASSESSMENT: 

0 Accuracy and calibration life limitations 
e Potential unsafe conditions 
0 Inefficient control of resources 

BENEFITS ASSESSMENT: 

e Optimization of systems performance 
0 Efficient use of resources 
0 Improved personnel and Space Station safety factors 
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TECHNOLOGY DEVELOPMENT PLAN #4 

TECHNOLOGY ITEM: ELECTRICAL MEASUREMENTS 

REQUIRED EFFORT: Medium 
(Natural environment evaluation and 
equipment application engineering) 

DEFICIENCIES: 

0 Effects of natural environment on accuracy of 

Currently available equipment may not be compatible 
measurements are not fully understood 

with mission requirements 

throughout the station; need access for calibration 

0 

0 Multitude of electrical measurements widely distributed 

TECHNICAL PLAN: 

0 Study the effects of space environment 
0 Develop approaches for automated measurements/ 

0 Develop appropriate long term standards 
0 Evaluate approaches for centralized and distributed 

calibrations 

calibration reference standards 

RESOURCE REQUIREMENTS: 

0 Metrologist 
0 Electrical Engineer 
e Physicist 

TEST PROGRAM: 

0 On-ground 
- Research available data on the effects of space 

Design and test multifunction electrical 
measurement/calibration system 

environment 
- Obtain and assess specific electrical requirements 
- 
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TECHNOLOGY DEVELOPMENT PLAN #4 
(CONTINUED) 

SCHEDULE: 

e 2-3 years 
- Define system design based on effects of natural 

Qualify system design for use in space 
environment 

- 

RISK ASSESSMENT: 

e Unknown measurement errors due to space environment 
e Reduced reliability 
e Frequent calibrations necessary for sustained reliability 

BENEFITS ASSESSMENT: 

e Enhanced reliability through reduced measurement 

e Improved long term stability of equipment performance 
errors  
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TECHNOLOGY DEVELOPMENT PLAN #5 

TECHNOLOGY ITEM: OPTICAL/RADIATION 
MEASUREMENTS 

REQUIRED EFFORT: Medium 
(Sensor and natural environment 
evaluation) 

DEFICIENCIES: 

0 Measurement methods do not provide sufficient spectral 

0 Out-of-band response of spectrally sensitive sensors 

0 Associated electronics may be affected by background 

information on radiation levels 

generate errors 

radiation 

TECHNICAL PLAN: 

0 Evaluation and selection of suitable sensors (including 
recent semiconductor technology) 

as reference standards 
0 Further characterization of natural environment for use 

RESOURCE REQUIREMENTS: 

0 Physicist 

TEST PROGRAM: 

0 On-ground 
- Perform spectral characterization of available 

- Devise techniques for using natural environment 
sensors 

(background radiation) as reference standards 
0 Verify results with on-orbit tests (Shuttle) 
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TECHNOLOGY DEVELOPMENT PLAN #5 
(CONTINUED) 

SCHEDULE: 

0 1-2 years 
- Sensor evaluation 
- Natural environment evaluation 

RISK ASSESSMENT: 

0 Less accurate spectral information 
0 Potential hazard to humans and animals 

BENEFITS ASSESSMENT: 

0 Improved understanding of natural environment 
0 Enhanced exposure monitoring 
0 Potential for early warning of natural radiation events 

(solar activity) 
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TECHNOLOGY DEVELOPMENT PLAN #6 

TECHNOLOGY ITEM: MAGNETIC MEASUREMENTS 

REQUIRED EFFORT: Medium 
(Probe and technique development, and 
validation) 

DEFICIENCIES: 

0 Interference of varying background magnetic fields limits 

0 Electromagnetic interference (EMI) will affect 
accuracy of magnetic flux measurements 

instrumentation 

TECHNICAL PLAN: 

0 Evaluate improvements in  probe technology (including 

Assess the long term (multiple orbit) stability of 
magnetic Hall effect sensors) 

earth's magnetic field for use as an on-orbit reference 
standard 

e 

RESOURCE REQUIREMENTS: 

0 Physicist 
0 Electrical Engineer 
0 Metrologist 

TEST PROGRAM: 

0 On-ground 
- Evaluate improved design for probes 
- Devise methods for beneficial use of natural 

magnetic fields 
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TECHNOLOGY DEVELOPMENT PLAN #6 
(CONTINUED) 

SCHEDULE: 

0 2-3 years 
- Design and test probes 
- Validate design concepts (Shu 

RISK ASSESSMENT: 

0 Less accurate magnetic measurements 

BENEFITS ASSESSMENT: 

0 Improved accuracy of scientific experiments and earth 
science research 
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TECHNOLOGY DEVELOPMENT PLAN w7 

TECHNOLOGY ITEM: CONTAMINATION MONITORING 
(trace quantities) 

REQUIRED EFFORT: Medium 
(sensor development and 
methodologies) 

DEFICIENCIES: 

0 Sensor specificity and sensitivity limitations 
e Limited definition of species and detectability 

e Instability and lack of appropriate standards 
requirements 

TECHNICAL PLAN: 

0 Identification of species and measurement requirements 
0 Selection and/or evaluation of sensors 
0 Development of stable standards 

RESOURCE REQUIREMENTS: 

0 Chemist 
0 Electrical Engineer 

TEST PROGRAM: 

0 On-ground 
- Evaluation of sensors 
- Development of measurement methodologies 
- Verification and qualification of methods 

SCHEDULE: 

0 2-3 years 
- Evaluation of available equipment 
- Development of new methods 
- Validation of methods 
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TECHNOLOGY DEVELOPMENT PLAN #7 
(CONTINUED) 

RISK ASSESSMENT: 

0 Insufficient monitoring of environment 
0 Potentially unsafe conditions for personnel 

BENEFITS ASSESSMENT: 

0 Safer environmental conditions 
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TECHNOLOGY DEVELOPMENT PLAN # 

TECHNOLOGY ITEM: GAS SENSORS 
(For major constituents such as oxygen, 
carbon dioxide, nitrogen, etc. in a 
sample medium) 

REQUIRED EFFORT: Minor 
(Sensor material selection and 
application testing) 

DEFICIENCIES: 

0 Short calibration life 
0 Short operating and shelf life 
0 Interference from nonrelevant gases present in the 

medium 
0 Contamination of sensors 
0 Instability of Standard Reference Materials (SRMs) for 

specific gases (for example, carbon monoxide) 

TECHNICAL PLAN: 

0 Identify essential gases that need to be detected and 

0 Investigate materials/chemistry for long life sensors 
Conduct experiments to establish long life sensor 

0 Develop and test prototype sensors 

quantified 

0 

characteristics 

RESOURCE REQUIREMENTS: 

0 Analytical chemist 
0 Material scientist 
0 Instrumentation engineer 
0 Prototyping facility 
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TECHNOLOGY DEVELOPMENT PLAN #8 
(CONTINUED) 

TEST PROGRAM: 

e On-ground 
- Selection of appropriate gases and atmospheres 
- Statistical validation 

SCHEDULE: 

e 1-2 years 
- Sensor material selection 
- Evaluation of chemical responses 
- Laboratory testing 
- Evaluation of prototype 

RISK ASSESSMENT: 

0 Premature sensor failures 
rep1 ace men t/rec a1 

0 Potential unsafe atmospheric 
e Ex c e s s iv e 

BENEFITS ASSESSMENT: 

brat on 
conditions 

0 Sensors with longer life 
0 Reduced operating costs 
0 Increased reliability 
0 Improved safety 
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TECHNOLOGY DEVELOPMENT PLAN #9 

TECHNOLOGY ITEM: TEMPERATURE MEASUREMENTS 

REQUIRED EFFORT: Minor 
(Equipment application engineering) 

DEFICIENCIES: 

e Calibration accuracy of optical pyrometers 
e Multitude of contact type sensors distributed throughout 

the station may not be accessible 

TECHNICAL PLAN: 

e Improved calibration of optical pyrometers 
e Miniaturization/packaging of contact type temperature 

measurement system 

RESOURCE REQUIREMENTS: 

e Physicist 
e Electrical Engineer 
0 Metrologist 

TEST PROGRAM: 

e On-ground 
- Validation of optical pyrometry standards 
- Designing and testing of temperature measurement 

system 

SCHEDULE: 

1 year 
- Optical pyrometry standards development/ 

- Prototyping/testing of temperature measurement 
validation 

system 
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TECHNOLOGY DEVELOPMENT PLAN #9 
(CONTINUED) 

RISK ASSESSMENT: 

0 Less efficient use of resources (electrical, thermal, power) 
0 Less accurate temperature measurements 

Space and weight penalties (equipment) 

BENEFITS ASSESSMENT: 

0 Thermal control system optimization 
0 Energy conservation 
0 Reduced calibration effort 
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TECHNOLOGY DEVELOPMENT PLAN #10 

TECHNOLOGY ITEM: DIMENSIONAL MEASUREMENTS 

REQUIRED EFFORT: Minor 
(Equipment application engineering) 

DEFICIENCIES: 
0 Majority of measurements are manual 
0 Inaccuracies of extremely large and small dimensional 

0 Wide variety of measurement requirements 
measurements 

TECHNICAL PLAN: 

0 Investigate methods for measurement automation 
- Laser interferometry 
- Optical measurement 
- Image recognition 

RESOURCE REQUIREMENTS: 

0 Physicist (optics) 
0 Computer Scientist 

TEST PROGRAM: 

0 On-ground 
- Modify existing equipment designs 
- Develop and test prototype equipment 

SCHEDULE: 

0 1-2 years 
- Equipment redesign 
- Prototype fabrication and testing 
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TECHNOLOGY DEVELOPMENT PLAN #10 
(CONTINUED) 

RISK ASSESSMENT: 

e Limited measurement accuracies 
e Equipment space and weight penalties 

BENEFITS ASSESSMENT: 

e Self-traceable dimensional measurements 
e Universal (automated) dimensional measurement system 



3. CONCLUSIONS 

Primary conclusions for individual tasks were presented in 
Subsections 2.A through 2.F, respectively. These conclusions are 
given below in a consolidated form. 

Task 

e 

e 

e 

e 

Task 

e 

e 

Task 

e 

e 

Task 

e 

e 

e 

1, Literature Review 

Maximum calibration activities appear to be in ECLSS, EVA, and 
EPS . 
Some similar calibration needs (for example, voltage) are 
widely distributed across the station. 
ECLSS information on submarines could be valuable for the 
station. 
Information on Soviet work that is available in the open 
literature provided no definitive data. 

2, On-Orbit Calibration Techniques 

Several calibration techniques are currently available (though 
not fully optimized) for on-orbit use. 
Calibration techniques for mass and micro-g are not currently 
suitable and may have to be developed. 

3, Sensor Calibration Requirements 

Majority of the sensors exhibit some undesirable properties 
(for example, sensitivity to electromagnetic interference). 
Effects of in-space natural environment on sensor 
measurements are not completely understood. 

4, Calibration Equipment Requirements 

Most equipment will require some redesigning and/or 
repackaging to reduce weight and size. 
Redundancies (for example, separate power supplies for each 
equipment) in various instruments could be minimized by 
redesign 
Some equipment could be influenced by micro-g and other in- 
space natural ambient conditions. 
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Task 5, Traceability Requirements 

Use of precalibrated instruments could provide traceability for 

Transporting of secondary standards could provide traceability 

On-board, long term, primary standards need to be developed. 
In-space natural environment could be better utilized to 

initial operation. 

for near term operation. 

provide some of the primary standards. 

Task 6 ,  Technology Development Plans 

Conduct select experiments in simulated in-space environments 

Major efforts may be required in the areas of mass, micro-g, 
and pressure/flow/force measurements. 
Medium efforts may be required in the areas of electrical, 
magnetic, optical/radiation, and contamination measurements. 
Minor efforts are anticipated in the areas of gas sensors, 
temperature, and dimensional measurements. 

(KC-135) and also on the Shuttle. 
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4. RECOMMENDATIONS 

The primary recommendations given below are a consolidation of 
those that were presented in Subsections 2.A through 2.F, 
respectively, for the individual tasks. In addition, some general 
recommendations (near term and long term) are also presented. 

Task 

e 

e 

e 

e 

Task 

e 

e 

e 

Task 

e 

e 

e 

Task 

b 

1, Literature Review 

Develop definitive measurement requirements for all 
systems as more design details become available. 
Generate integrated measurement requirements 
incorporating all the work packages to aid in assessing the 
commonality needs. 
Conduct a detailed analysis of submarine ECLSS information for 
potential use in Space Station. 
Assess the information on Soviet work that is available in 
the classified literature. 

2, On-Orbit Calibration Techniques 

Conduct a detailed evaluation of state-of-the-art and emerging 
calibration techniques for potential on-orbit use. 
Develop improved techniques to increase accuracy and extend 
calibration life. 
Define and develop solutions for voids in calibration 
techniques (for example, mass). 

3, Sensor Calibration Requirements 

Include long term stability of sensors as an important 
selection criterion. 
Assure that sensor calibration techniques verify its primary 
function as well as compensation factors. 
Insure that calibration access and interfaces are incorporated 
in the design. 

4, Calibration Equipment Requirements 

Identify calibration equipment required for sustained 
operation. 
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Develop an equipment commonality list. 

Prepare space qualification procedures for calibration 

Consider innovative and inventive approaches in  equipment 
design for long term stability. 

equipment. 

Task 5, Traceability Requirements 

Develop traceability approaches for near term operation. 
Develop on-board, long term primary standards. 
Evaluate methods for better utilizing the in-space natural 
environment as primary standards. 
Apply procedures for drift trending of appropriate data to 
improve confidence in calibration. 

Task 6, Technology Development Plans 

Evaluate appropriate methods for developing gravity 
independent techniques. 
Develop a complete understanding of the effects of in-space 
natural environment. 

General short term recommendations are: 

Prepare an on-orbit metrology design guide as an aid to 
instrumentation and other design engineers. The guide should 
include as a minimum: 
environment, potential calibration techniques and procedures, 
reliability considerations (uncertainties), traceability, and 
design checklist. 

design considerations, effect of space 

Generate detailed technology development plans which shall 
include, but not be limited to, the following: detailed 
analysis of technology gaps and their impacts, potential 
solutions, trade studies and prioritization, selection and 
optimization of concepts, and detailed approaches for 
technology development. 

General long term recommendations are: ' 

Conduct preliminary design study for an on-orbit metrology 
system. Study results should yield an integrated system design, 
method of operation, logistics and maintenance requirements, 
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and life cycle costs. 

Develop final design and fabricate the on-orbit metrology 
system. This effort shall also include test and checkout of the 
system. Provisions shall be implemented for the logistics, 
maintenance, operating procedures and manpower required for 
routine operation of the system in Space Station environment. 

1 5 9  



5. BIBLIOGRAPHY 

This section contains a complete listing of all documents, publications, 
and technical papers used in the performance of this study. Those 
that were considered to be significant and important are indicated by 
an asterisk (*) adjacent to the document number. NASA documents, 
such as, Space Station RFP Work Packages 1 through 4, Architectural 
Control Documents, Configuration Control Documents, and Operation 
and Maintenance Plans were used to determine the on-orbit 
measurement requirements (Task l ) ,  from which the results of all 
successive tasks (2 through 6) were developed. In cases where 
specific requirements were expressed as TBD, related technical 
reports, papers, workshop/conference proceedings, etc were utilized 
to derive the best estimate requirements. 

Several papers dealing with environmental and contamination 
monitoring systems for submarines provided important information 
because of the similarity of its mission (remote, self-sustained 
operation) to that of the Space Station. The Space Station 
Environmental Control and Life Support System (ECLSS) will be 
expected to perform many of the same functions as a submarine 
ECLSS. Detection of trace contaminants and rapid recovery from out- 
of-tolerance conditions are critical for both space and sub-oceanic life 
support. Long term operation in space as opposed to the average 90 
day mission of a submarine does not allow operating contingencies 
such as surfacing, in-port repair and maintenance or practically 
unlimited logistic support. 

A limited amount of Soviet space program information available in 
the open literature was obtained and reviewed. Several of their 
problems and experiences were noted in this review, however, 
technical details were generally omitted. It appeared that system 
reliability has been a major concern for the Soviets. Further, it 
appeared that only very limited capabilities existed for measuring 
and monitoring the system functions. This could have permitted the 
system malfunctions to proceed to nearly total failure. These 
conditions at least in part could be attributable to deficiencies in on- 
orbit measurement and calibration capabilities. Some of the pertinent 
findings are: a) Repeated (undetected) contamination of the station's 
internal atmosphere and the lack of appropriate on-board analytical 
instrumentation capabilities; b) Frequent failures of electronic 
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equipment; c) Excessive use of manual 
automation; d) Deterioration of optical 
cumulative effects of radiation; and e) 
equipment could not be performed us 

operations and lack of 
equipment due to the 
Repair or maintenance of some 
ng on-board capabilities. 

The primary conclusions and recommendations based on the general 
review of all the listed documents are given below. 

Primary conclusions are: 

0 Detailed specifications in some areas of the station were 
not completely identifiable. 

0 Data on submarine ECLSS could be valuable for Space 
Station. 

0 Information on Russian work available in the open 
literature provided very limited amount of definitive 
data, and it appeared that their use of advanced 
technology (for example, automation) was minimal. 

Primary recommendations are: 

0 Conduct detailed evaluation of submarine ECLS S 
technology for use in Space Station. 

0 Research information on Russian work that may be 
available in the classified (non-public) domain. 
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